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It has been suggested  I by Blinks and by the writer that  potassium  ~ 
plays  an  important  rrle  in  the  action  current  of  Nitella.  Whether 
the outstanding  features of the action curve can be explained in this 
way is a matter of considerable interest. 
An experimental basis for such an explanation is found in observa- 
tions  by Damon  3 who  states  that  marked  changes  in  P.D. may  be 
caused by the  movement of potassium ions.  He found that  in  sea 
water Valonia  showed an inwardly directed  (_negative)  1,.D. of 8 inv. 4 
x Blinks,  L.  R.,  J.  Gen. Physiol.,  1929-30,  13,  495.  Osterhout,  W.  ].  V., 
Harvey Lectures,  1929-30,  9.5, 169; Biol. Rev., 1931, 6,  369;  Ergebn. Physiol., 
1933, ~  967. 
2 What  is  said  in  this  paper  regarding potassium  applies  in lesser  degree  to 
the  other  cations present  but  their  effect is relatively  small.  The special  rrle 
of K + may be due to its high mobility.  The mobility of H + is probably high but 
it has little effect owing to its low concentration.  Cf. Osterhout, W. J. V., J. Gen. 
Physiol., 1929-30, 13, 715.  Organic ions in W may play a part in producing the 
resting potential  which  in  some cases  is  too large  to  be  accounted for by K + 
alone.  Such an effect is possible on account of the difference between X  and  Y 
(see  Osterhout,  W. J. V., Ergebn. Physiol.,  1933, 35,  1013). 
8 These  experiments  were made  on  Valonia macrophysa, Kfitz.  Cf.  Damon, 
E.  B.,  J.  Gen. Physiol.,  1929-30,  13,  207;  1931-32,  15,  525  (in  which  papers 
"positive potential" denotes what is called negative in the present article, where 
a  potential is regarded as negative when the positive current tends to flow from 
the external solution across the protoplasm to the sap and in the external circuit 
from the capillary to the external solution). 
A variety of curves was obtained:  the graph shown in Fig.  1 was selected as 
showing dearly certain features of importance in the present  discussion. 
4 It is not necessary to discuss this in detail but the following points may be 
of interest.  The sap contains about 0.5 M KC1 which might be expected to give 
an outwardly directed potential, but there are probably substances in the aqueous 
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but in artificial sap,  containing 0.5 ~s KC1, this rose  5 to 60 my., after 
which it fell off. 
This falling off (shown by the rise of the  curve in Fig.  1)  may be 
interpreted as the effect of the entrance of K+  penetrating as a  more 
or less well  defined moving  boundary,  e  In  Fig.  1  the  symbol  K  is 
employed to denote K + penetrating from without  (as the changes in 
r.D. are wholly due to the K + which penetrates from without the K+ 
present in the cell at the start is not represented). 
As in previous papers  7 it is assumed that  the protoplasm  consists 
of three layers:  the  outer surface X  and  the  inner surface  Y  (both 
non-aqueous) between which is an aqueous layer W.  In Valonia  the 
concentration of potassium  in all of these layers  s is probably low at 
the start. 
When potassium is applied to the outer surface of Valonia (Diagram 
A of Fig. 1) it raises the negative potential to 60 my. :  but after it has 
entered  and  attained  the  same  concentration  inside  X  as  outside 
(Diagram  B)  this  effect disappears  so  that  the  r.D.  returns  to  the 
neighborhood of 8  my. 9  Presumably the potassium when it reaches 
layer (W) of the protoplasm which set up different P.D.'s with X  and Y, as the 
result of which the total P.D. is 8 my. negative.  It has been shown that X and Y 
differ in several respects (cf. Osterhout, W. J. V., Ergebn. Physiol., 1933, Sfi, 1013). 
5 Cf. Damon, E. B., J. Gen. Physiol., 1932-33, 16, 375. 
e Regarding  moving boundaries see MacInnes, D. A., and Longsworth, L. G., 
Chem. Rev.,  1932, 11, 171.  The fact that very little dissociation may occur in the 
non-aqueous surface layers X and Y makes no essential  difference  in  this slow 
process (as ions pass out of Y more will be formed by dissociation of the molecules 
present in  Y).  Cf.  Osterhout, W.  J. V., Ergebn.  Physiol.,  1933, 35,  1009. 
~ Cf.  Osterhout, W. J.  V., J.  Gen. Physiol.,  1927-28, 11, 83; Bull. Nat. Re- 
search  Council,  No.  69,  1929, 170; Ergetm.  Physiol.,  1933, 35~  1013. 
s The fact  that  potassium  accumulates in  the  vacuole, reaching a  concen- 
tration of 0.5 M, does not mean that it accumulates in the protoplasm, which may 
conceivably have as low a  concentration as the sea water, i.e.  about 0.012 M. 
This would be expected if its pH were as high as that of the sea water (cf. Oster- 
bout, W. J. V., Ergebn. Physiol., 1933, 38, 982). 
9 The values given in this paper are obtained by assuming  that the potentials 
at  the  liquid  junctions of the  two calomel  electrodes saturated with  KC1 are 
approximately equal and hence so nearly cancel out that they may be neglected. 
This is  the assumption commonly met with in the literature but the basis  on 
which it is made may be questionable.  It may be noted that on  the basis  of w.  J.  V.  OSTERHOUT  217 
Y  (Diagram  C)  sets  up  a  negative  potential  which  is  partially  lost 
when  it  reaches  the  inside  of  Y  (Diagram  D).  x°  Discussion  of  the 
subsequent fall of the curve is omitted since it seems to have no bear- 
ing on the fall of the action curve of Nitella. 
Let  us  now  consider  the  action  current  of  Nitella  (Fig.  2):  as  its 
movements,  o,  p,  and  q,  resemble  those  in  Fig.  1  we  may  inquire 
whether they can be due to movements of K +.  If so K + must move 
outward  u  from the  sap  (where  its  concentration  is relatively high  1~) 
toward the external solution  (where  its  concentration  is  low13):  and 
such movement should be brought about by applying an electric cur- 
rent  carrying K +  outward  but  not  by one in  the  opposite direction. 
This  agrees  with  the  facts.  (According  to  the  local  circuit  theory 
stimulation occurs only as the result of an outgoing  current  14 and  the 
stimulus is propagated along the cell by a  series of changes which set 
up  such  a  current at each spot in turn.) 
The  P.D.  at the  start is presumably due  chiefly to  K +  in  the  sap, 
this assumption we arrive at  measurements of the membrane potential in the 
Donnan equilibrium which agree closely with the calculated values.  These cal- 
culations for dilute solutions  where the activity coefficient is approximately unity 
must be approximately correct. 
10 It may seem surprising that 0.5 M K + diffusing inward should raise the con- 
centration of K + just inside Y where it is already 0.5 x¢, but in reality it is to 
be expected since experiments have shown that raising the external concentration 
of potassium causes the internal concentration to increase  (of. Jacques,  A.  G., 
and Osterhout, W. J. V., J. Gen. Physiol.,  1931-32, lfi~ 537).  It is probable that 
the  concentration of K + is always higher just  inside  Y  than just  outside  (c]. 
footnote 8). 
u Hence the movement o is in the negative direction instead of in the positive 
direction,  as in Fig.  1.  In case part of the resting P.D. is due to organic ions in 
W these must also move or alter their charges in order to reduce the P.D. to zero. 
1~ The sap contains about 0.05 ~  KCI and about 0.05 ~  NaC1, together with 
other substances. 
18 In  the  experiments where action  currents  occur the  concentration  of K + 
in the external solution is usually 0.001 M or less. 
x4 Stimulation may occur when an ingoing current is broken but in this case 
an outgoing current, which occurs immediately after the break (due to polariza- 
tion),  is  believed  to  be responsible  (regarding  polarization  see  Blinks,  L.  R., 
J. Gen. Pkysiol., 1929-30,  13, 495). 218  NATURE  OF  ACTION  CURRENT  IN NITELLA.  I 
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FIG.  1.  Shows  changes in  the  P.D. of  Valonia.  The  broken  line  shows  the 
negative P.l). found in sea water  (symbol o)  and  its  increase  when  potassium  is 
applied to the exterior.  The unbroken line shows subsequent changes supposedly 
due to the penetration of potassium.  Observations made after the  application 
of potassium are denoted by the symbol X. 
In the diagrams the symbol K  denotes the penetrating potassium:  (reduction 
in concentration is shown by reduction in the number of symbols; i.e., KK means 
a  lower concentration than  EKED.  Each stage of its progress is marked by a 
change in P.D. : for example, in Diagram A  the observed P.D. is supposedly due 
to the relatively high concentration of potassium at  the outer surface of X; in 
Diagram  B  we see that  potassium  has  reached  the  inner surface of X  and in 
consequence most of the P.I). has disappeared. W.  J.  V.  OSTERHOUT  219 
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FIG. 2.  The unbroken line shows changes in P.D. during the action current in 
Nitdla,  supposedly due  to the outward movement of potassium.  The broken 
line shows the P.D. in the resting state, before the outward movement of potas: 
sium begins. 
In the diagrams the symbol K denotes the outwardly moving potassium (reduc- 
tion in concentration is shown by reduction in the number of symbols).  Each 
stage of its progress is marked by a change in P.D. : for example, in Diagram A the 
observed P.D. is  due  to the  relatively high  concentration  of potassium  at  the 
inner surface of Y; in Diagram B  we see that potassium has reached the outer 
surface of Y and in consequence the P.D. has disappeared. 
The duration of the action current is usually about  15 seconds. 220  NATURE O~"  ACTION CURRENT IN  NITELLA.  I 
causing  an  outwardly  directed  (positive)  potential  at  y.15  The 
supposed  movement of potassium is illustrated  by Fig.  2  where  the 
symbol K  is used to denote K + which is present in the sap at the start 
and which moves outward  during the negative variation  (as previous 
experiments indicate  that the  concentration of K + in the protoplasm 
at the start is usually small it will be regarded as negligible). 
It seems probable that the outward movement of K + is facilitated 
by an  increase in  the  permeability of  Y  since  otherwise it would  be 
more  gradual. Is  In  order  to  bring  about  an  abrupt  loss  1~  of  1,.I). 
(Fig.  2) by the movement of K +  alone K + would have to advance in 
t5 This might possibly be  questioned  in  view of the  fact  that  in Halicystis 
and in  Valonia  Y  does not appear to give much potential with  K +.  This is 
shown in Halicystis  by perfusion experiments in which K + is introduced into the 
vacuole (cf. Blinks, L. R., J. Gen. Physiol.,  1934-35, 18, in press) and is rendered 
questionable in Valonia by the fact that in spite of the presence of 0.5 ~ KC1 in the 
vacuole  the  potential  across  the  protoplasm is  inwardly  directed  (negative). 
But in  Valonia  there may be a high positive potential at Y due to K + which  is 
compensated by potentials due  to organic substances in  W  (cJ. Osterhout,  W. 
J. V., Ergebn. PhysioL, 1933, 35~ 1014) and producing unlike effects on X and Y. 
In Nitella the situation is quite different.  Here X and Y are much more alike. 
This is shown by the fact that when sap is applied to the outside of the cell, 
giving the chain 
sap  ]  protoplasm  [  sap  XiWiY 
we obtain 15 my. or less whereas in Halicystis we get 50 my. and in Valonia 65 my. 
(Osterhout,  W.  J.  V.,  Ergebn. Physiol.,  1933, 3[i~ 1014).  If X  and  Y  are not 
very dissimilar we must conclude  that Y gives a high potential with K + since we 
know this to be the case with X. 
x6 As, for example, in Valonia (cf. Fig. 1 where the times are much greater than 
in Fig. 2). 
x~ In Nitella the o movement appears as a rule to consist essentially of a loss 
of the P.D. across the protoplasm but as will be shown in a later paper it depends 
to some extent on other factors.  It may be noted that in nerve, according to 
Gasser (Gasser,  H. S., Am. J. Physiol.,  1931, 97~ 254; Cold Spring Harbor sym- 
posia on quantitative biology, Cold Spring Harbor, Long Island Biological Asso- 
ciation, 1933, lp 138) temperature has more effect on the negative variation than 
on the resting P.D., which suggests that the former involves something more than 
a mere loss of the latter.  Bishop finds that certain anesthetics abolish irritabil- 
ity without producing much  effect on  the resting potential (Bishop,  G.  H.,  J. 
Cell.  and  Comp.  Physiol.,  1932, 1,  177). w.  j.  v.  OSTERHOUT  221 
the form of a  sharply defined moving boundary with a  concentration 
of K + equal to that in the  sap so that as soon as it emerged into  W 
the  concentration  of K+'would become the  same on both sides of  Y. 
This  seems improbable since  Y  appears to  be non-aqueous, is with  a 
low dielectric  constant  and  hence  not  permitting  much  dissociation. 
Consequently the concentration of K + must be much lower in Y  than 
in the  sap and  the front of the moving boundary must have a  corre- 
spondingly low  concentration  unless  an  increase  occurs  in  the  per- 
meability of  Y  to  K +. 
An  increase  in  permeability  is  assumed  by  most  writers  in  dis- 
cussing action  currents.  Such an increase might occur if during the 
outward flow of current  Y  suffered a  breakdown or rupture 19 or such 
a  change in composition as to admit K + at the concentration found in 
the  sap.  S°  Breakdown  or  rupture  could  doubtless  be brought  about 
by the electrical gradients present in the cell which might conceivably 
amount  to  more  than  20,000  volts  per  millimeter.  21  A  change  in 
composition might occur if the current carried substances from the sap 
into  Y.~ 
Such changes might make it possible for K + to travel outward in the 
form of a  moving boundary,  having a  concentration  of K +  which  is 
not very different from that in the sap.  We should therefore expect 
the o movement to be sudden 23 and if the alteration of Y  consisted of 
18 Osterhout,  W. J. V., Ergebn.  Physiol.,  1933, 38,  1009. 
19 A rupture appears to occur in the case of mechanical stimulation (cf. Oster- 
hout, W. J. V., and Hill, S. E., J.  Gen. Physiol.,  1930-31,  14,  473) and  in  the 
case of stimulation by cold (Hill,  S. E., J. Gen. Physiol.,  1934-35,  18,  in press). 
20 This would involve a  rise in the dielectric  constant. 
21 The V.D. across the protoplasm of Nitella  (in contact with pond water)  is 
100 to 300 mv. and Y may be only a few molecules  thick:  if it were  0.01 of a 
micron in thickness the drop might be 20,000 volts per ram. 
~2 A substance is supposedly carried from the sap into X  when the potassium 
effect is restored by an action current  (of. Osterhout, W. J. V., and Hill, S. E., 
J. Gen. Physiol., 1934-35,  18, in press). 
23 The o movement would be sudden if the alteration in Y were simultaneous 
and were not at once reversed, but if in the region  being recorded there were a 
series of alterations each one being at once repaired  (as occurs in unpublished 
experiments  with  models)  the  o  movement  might  be  gradual:  such  gradual 
movements are occasionally observed. 222  NATITRE  OF ACTION  CURRENT  IN NITELLA.  I 
breakdown  or of  rupture  there  could be  a  sudden  loss  of P.D. even 
before much movement of K + had taken place. 
Should the increase in permeability fail to occur we should expect a 
failure of stimulation,  such as is found, for example, in cells leached 
in  distilled  water  until  they  have lost  their irritability.  24  Here the 
P.D.  across the protoplasm is not less than normal  2s so that when an 
outgoing  electrical  current  is  imposed  from  an  external  source  we 
should  expect stimulation  unless  the  increase  in  permeability  were 
prevented by an unusual condition of the non-aqueous layers  26 due to 
the treatment.  Such cells are found out of doors at certain seasons. 
Let us now consider the  next movement  (p,  Fig.  2)  which is sup- 
posed to result from the fact that outwardly moving I(+ comes in con- 
tact with X  and sets up an outwardly directed (positive) P.D.  similar 
to that found at Y in the resting condition of the cell.  Since little or 
no potential remains  at  the  end of the  o movement K +  is no longer 
carried outward by an electrical current but moves by diffusion aided 
by the continual agitation of W  which results from the vigorous mo- 
tion  of protoplasm  and  sap  which  is  characteristic  of  these  cells.  ~7 
Hence the p movement is slower than the o movement, sometimesvery 
much so. 
As K + continues its outward movement  and reaches the outer side 
of X  it will cause the P.D. to fall off again (q, Fig. 2).  As X  is presum- 
ably a  non-aqueous layer, the amount of K + passing  through it will 
be correspondingly small and as a  result we may expect the q move- 
ment  to  be  relatively slow,  especially as  the  moving boundary will 
tend to lose sharpness in W  owing to agitation by protoplasmic move- 
ment.  This agrees with observation. 
24 Cf.  Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933-34, 17, 87. 
25 This situation recalls  that in a nerve treated with cocaine. 
26 The treatment with distilled  water removes the potassium effect  from X 
but not from Y for the outwardly directed potential of the resting state is pre- 
sumably due chiefly to the effect of K + on Y and this remains after treatment 
with distilled  water.  But it removes from Y the ability to undergo an increase 
of permeability due to an outgoing current. 
27 According to Fran~ois-Franck  and Auger  (Fran~ois-Franck,  L., and Auger, 
D.,  Ann.  physiol,  et physicochim,  blol.,  1933, 9,  983) the protoplasmic motion 
slows down within 2 seconds after the passage  of a negative variation.  Similar 
observations were made by H6rmann  (H6rmann,  G.,  Studien fiber  die Proto- 
plasmastr6mung bei den Characeen,  Jena,  Gustav Fischer,  1898). w.  j.  v.  OSTERItOUT  223 
When K+ has reached the outside of X  we should expect the cell to 
behave somewhat like a resting cell to which KC1 is applied externally. 
This is the  case according to Blinks  ~8 who states that polarization to 
either  an ingoing or an outgoing current  now falls off on stimulation 
just as when the cell is placed in contact with 0.1  N KC1. 29 
The final fall of the  curve  (r, Fig.  2)  may be regarded as a  process 
of recovery  3°  by which  the  potassium  is  gradually  moved back  into 
the sap as the  result of (1)  the  ingoing electric current,  which occurs 
during  recovery  according  to  the  local  circuit  theory,  3~  and  (2)  the 
forces  which  (even  in  the  absence  of  current)  cause  potassium  to 
move into the cell and accumulate there.  The speed of recovery falls 
off  in  such  fashion  as  to  indicate  that  it  is  primarily  a  process  of 
diffusion. 
According to this hypothesis the double peak of the  action curve is 
due  to  the  presence of two protoplasmic surfaces,  X  and  Y,  both  of 
which give a relatively high potential with potassium.  It follows that 
if X  were insensitive to the action of potassium we should get only a 
single  peak.  This  is  apparently  the  case with  Chara. 32  The  experi- 
ments  of Blinks  ~3  show  that  in  Chara  the  outer  surface  is  not  more 
2s Blinks,  L.  R.,  J.  Gen.  Physiol.,  1929-30,  13,  495.  Blinks  finds  that  an 
ingoing  electric  current  (passing  from the external solution to the sap) produces 
no polarization when 0.1  M KC1 is applied externally.  This might be explained 
by saying that  the protoplasmic surface is very permeable to K + (and for the 
same reason no polarization is produced by an outgoing current which carries K + 
outward from the vacuole).  But there are limits to this since Blinks finds  that 
a very large ingoing  current does produce considerable  polarization when 0.1  M 
KC1 is applied externally.  This is formally analogous to the polarization of a 
"non-polarizable" electrode when  the  current  exceeds  a  certain value although 
the  mechanism differs. 
29 There is  other  evidence that  changes in  the  properties of the protoplasm 
can  be  produced  in  Nitella  by  potassium.  H6ber  (Htiber,  R.,  Physikalische 
Chemie der  Zelle  und  der  Gewebe,  Leipsic,  Wilhelm  Engelmann,  6th  edition, 
1926, 641, 785) has suggested this for nerve and muscle. 
3o This is not comparable to the fall of the Valonia curve (Fig.  1) which  does 
not  seem to  be attributable  to  recovery. 
31 (~/. Osterhout, W. J. V., Harvey Lectures, 1929-30.25,  169; Biol. Rev., 1931, 
6, 369. 
3~ The species used was Chara  coronata,  Ziz. 
.~3 Blinks,  L. R., Proc.  Soc.  Exp.  Biol.  and Med.,  1932-33, 30,  756. 224  NATURE OF  ACTION CURRENT IN  NITELLA.  I 
sensitive to potassium than to sodium.  34  In Chara the action current 
has only one peak  (Fig. 3),  as  would be  expected. 
This explanation of the action curve seems to be useful as a working 
hypothesis since it accounts not only for normal behavior but also for 
the  chief  deviations,  some  of which  will  be  discussed  in  subsequent 
papers.  But we  cannot decide about its  correctness without further 
facts.  One  objection  to  it  has  been  discussed  by  Blinks. 28  This  is 
that  recovery can  occur while  an  outgoing electric  current  is  being 
Ne . 
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FIO. 3.  Photographic  record showing the action curve  of Chara  coronata, Ziz. 
The curve has  a  single peak which may be due  to the fact that only the inner 
protoplasmic  surface gives a large electrical effect with potassium  (with the outer 
surface potassium  acts much like sodium).  The right end of the cell was killed 
with CHC18.  The spot at which the action current  was recorded was in contact 
with 0.001 ~ KCI.  On stimulation  the P.D. dropped to zero.  Vertical lines are 
5  seconds apart.  Temperature 24°C. 
applied from an external  source.  It is possible that this may be due 
to  changes  in  permeability.  Although  at  first  the  outward  current 
appears to make  Y more permeable  to K + it would not be surprising 
if,  as the current continued to flow, this effect should diminish as the 
,~4 In Nilelht 0.01 i  KCI gives about 80 my. against  0.01 M NaCI (tile KCI being 
negative),  but in Chara the value is very small. W.  J.  V.  OSTERHOUT  225 
result of the movement of substances  35 or of changes in hydrogen ion 
concentration  (as in the  experiments  of Bethe and  Toropoff30 or of 
other alterations  in metabolism.  If, as a  result,  the permeability of 
Y to K + should diminish somewhat  87 while the current is flowing out- 
ward the concentration of K+ would increase just inside Y and dimin- 
ish just outside Y.  This would produce an outwardly directed (posi- 
tive) potential which would increase until equal to that in the resting 
state,  thus producing  recovery.  It might  go further  and produce a 
greater positive potential,  resembling the  "after potential"  found in 
nerve,  ss 
With such a  flow of current from an external source or with an ac- 
tion current "after potential"  (which seldom occurs in Nitella) might 
arise in several ways, e.g.  (I) as the result of a  temporary increase in 
the concentration of K + just inside Y due to a change in permeability, 
as just mentioned; (2) as the result of a  temporary increase in pH value 
in  W  or just outside X  which would increase  the  gradient  of KOH 
across Y and cause potassium to move inward more rapidly and reach 
a  higher  concentration  just inside  Y  than  usual. 89  That  this might 
happen  is  indicated  by the  experiments  of Bethe  4° and  of Blinks.  41 
(3) The movement of organic cations into Pc" as the result of the action 
current.  These might increase the positive potential by having differ- 
ent effects on Y and X.  Such substances are  apparently responsible 
for some of the positive P.D. in NiIellg and for a good deal of the posi- 
tive P.D. in Halicystis.  ~"  Such substances might  not persist  long in 
ss Such a movement appears to change X when an action current restores the 
potassium effect according to Osterhout and Hill, unpublished results. 
3~ Bethe, A., and Toropoff, T., Z. phys. Chem., 1914, 88, 686; 1915, 89, 597. 
3~ This change need not be sufficient to affect the flow of current greatly. 
3s Gasser, H. S., Am. Y. Physiol., 1931, 9/, 254; Cold Spring Harbor symposia 
on quantitative  biology, Cold Spring Harbor, Long Island Biological Association, 
1933, 1, 138. 
a9 Osterhout, W. J. V., Erge~. Physiol.,  1933, 35, 982,  This would apply to 
growing cells and  to  those which have  ceased to grow (unpublished results). 
See also Jacques, A. G., and Osterhout, W. J. V., I.  Gen. Physiol.,  1933-34, 17, 
727. 
40 Bethe, A., Arch. ges. Physiol., 1916, 163, 147. 
41 Blinks, L. R., J. Gen. Physiol., 1933-34, 17, 109. 
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W  since they would tend to pass out by diffusion or to be used up in 
metabolism.  (4)  There may be a  temporary increase in the mobility 
of K + or Na ÷ due to changes in the composition of Y produced by the 
action current. 
When  the  current  is  interrupted  before recovery is  complete  the 
process  of  restoring  the  positive  potential  of  the  resting  state  will 
continue because potassium  4~ will be moved into the sap  from W  by 
the forces which normally produce this movement in the resting state 
of such cells as Nitella  and  Valonia. ~  This will  be aided by the in- 
going current which according to the local circuit theory occurs dur- 
ing recovery.  46 
An objection to the idea that the action curve is due to the outward 
movement of cations is voiced by Gasser  38 on the ground that a  sub- 
threshold current which would carry ions outward fails to produce an 
action current.  It seems to the writer that this might be due to two 
causes:  (1) potassium tends to move inward in the resting state  ~9 and 
the forces causing this must be overcome  46 before K + can travel out- 
ward;  (2)  there  must  be  sufficient outgoing  current  to  produce  the 
necessary increase  in  permeability.  47 
Blinks  8s suggests that the action current in Nitella may be accounted 
for by changes of hydrogen ion concentration.  This view  (which is 
in harmony with the ideas of Bethe  4°)  is supported by very interest- 
ing experiments on Halicystis. 41  It seems possible that other chemi- 
43 In  this  process  potassium  presumably  moves  chiefly  in  molecular  form 
through  Y.  Cf.  Osterhout, W.  J.  V., Ergebn.  Physiol.,  1933, 35,  994, 1003. 
44 This will be aided by the return of the normal mobility of K + in Y and con- 
sequently of a  higher outward diffusion potential. 
This will depend somewhat on the position of the spot.  If the action cur- 
rent proceeds from left to right a spot at the extreme right end of the cell will 
not receive much ingoing current of this sort. 
46 An example of this is seen in certain models (cf. Blinks, L. R., J. Gen. Physiol., 
1930-31, 14, 127; also footnote 39).  Even in cells in which potassium no longer 
moves in the resting state but has reached an approximate equilibrium  (as might 
happen  in cells which were not growing)  energy will  be required to upset  this 
equilibrium and cause K + to move outward. 
47 This is evidently not produced by an ingoing  current (perhaps'because a 
substance must be carried from the sup into the protoplasm) nor by a  current 
which increases very slowly. W.  J.  V.  OSTERJ=IOUT  227 
cal changes may be important.  They may, for example, modify the 
protoplasmic surface and make it insensitive to potassium (as in ex- 
periments in whicl:l the surface is leached4S); the changes produced in 
nerve by lack of oxygen  .9 may be recalled in this connection. 
Further  discussion  of  theories,  particularly  of  those  not  dealing 
directly with Nitella,  seems unnecessary.  The hypothesis proposed 
in the present paper has some  interest  since it  explains  the  form  of 
the action curve in Nitella much more completely than other hypotheses 
(further evidence of this will appear in subsequent papers).  Its as- 
sumptions are in line with the local circuit theory which postulates an 
outward flow of current and consequently an  outward  movement of 
cations  at  the  point  of  stimulation:  the hypothesis  here  outlined 
ascribes  chief importance to  the  movement of K+  whose effect  on 
Nitella is much greater than that of other cations. 2 
S~ARY 
The outstanding features of the action curve in Nitdla are explained 
as due to the movement of potassium ions accompanied by increase 
of permeability.  This may be useful as a  working hypothesis since 
it accounts not only for the normal behavior but also for many strik- 
ing deviations which will be treated in subsequent papers. 
The  views  here  set  forth  are  in  harmony with  the  local  circuit 
theory of stimulation. 
4s Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933-34, 17, 87, 99, 105. 
49 Hill, A. V., Chemical wave transmission in nerve, New York, The Mac- 
millan Co., 1932.  Cowan,  S. L., Proc. Roy. Soc. London, Series B, 1934, 115, 216. 